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NOMENCLATURE

V = Work surface speed (m/s)
w
Nw  = Work speed (RPM)

Vs  = Wheel surface speed (m/sec)

Ns  = Wheel speed (RPM)

Vt = Traverse speed (m/sec)

0 = Work diameter (mm)W

D = Wheel diameter (mm)

z= Dress lead (um/rev)

c = 2*diamond depth-of-dress (um)

d = Grain diameter (um)

Be = Equivalent diameter (cm)

vol = 1.33H + 2.2S -8 (vol % of bond in wheel)

H = 0,1,2,3--- for H,I,J,K---hardness

S = wheel structure no.

F' = Normal force intensity (N/mm)

F = Normal force (N)
n

Ft = Tangential force (N)

= F' = Threshold force intensity (N/mm)
th no

F' = Plowing-cutting transition force intensity (N/mm)pcFP = Wheel breakdown force intensity (N/mm)

h = Wheel depth-of-cut (um)

a= Dimensionless machining--Elasticity number

P = Grinding Power (watts)

Ps = Specific Power (joules/cu.mm)

to = Time Constant

I c = Wheelwork Contact Length

Rc C = Rockwell Hardness C Scale

6.



NOMENCLATURE--contd.

WRP = Aw = Work Removal Parameter (cu.mm/min*N)

Km = System Stiffness (N/um)

W = Width of Wheelwork Contact (mm)

vf = Feedrate (um/sec)

w = Penetration velocity of wheel into work (um/sed)

v s  = Radial wheelwear velocity (um/sec)

Z = Volumetric rate of stock removal (cu.mm/sec)W

ZI = Stock removal rate per unit width (sq.mm/sec)
w
Z = Volumetric wheelwear rate (cu.mm/sec)S

Z' = Wheelwear rate per unit width (sq.mm/sec)s

S = Wheel Sharpness (sq.m/N)

WWP = Wheelwear Parameter (mm4 /min*N 2 )
VwWvw

Kc = Cutting Stiffness" of workpiece (N/mm)
Aw

A = Difference in Curvature

P = Average Normal Pressure or Stress

WP = Wheelwear Parameter referred to Pressure
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1.0 OBJECTIVES

The purpose of this work was to investigate potential cost
savings in the manufacture of certain jet engine components that
could be achieved through the use of computer-controlled, multi-
operation grinding using force-sensing adaptive control systems.

Another objective was to provide a control system that
would monitor and control the important grinding process variables
so as to permit grinding machines to operate with little or no
operator attention.

A third objective was to provide automatic size control,
as well as form or contour control, that would not require
constant attention from the operator.

A fourth objective was to evaluate "creep-feed" grinding
in comparison to normal grinding with regard to stock removal,
wheelwear,cycle time, and induced forces and deflections.

A fifth objective was to determine the rigidity require-
ments placed upon a machine by size and form tolerance specifica-
tions.

A further objective was to determine, under operating
speeds, the force levels that could be detected and fed to a
computer from a typical force sensor installed in a wheelhead.

2.0 MULTIOPERATION GRINDING--TWO WHEELHEADS--SINGLE CROSS SLIDE

Many workpieces produced in industr:y require several grind-
ing operations. In batch-type manufacturing, significant savings
can sometimes be achieved by performing a number of grinding op-
erations for one setup or staging of the part. Two wheelheads
mounted on a single cross slide often provide the versatility
required to accomplish a set of grinding operations as illustrated
in Fig. I where the computer can control the X and Z slide posi-
tions. The wheelheads can also be equipped with force trans-
ducers mounted inside the wheelhead and arranged to measure the
grinding force thereby giving the computer the ability to control
the grinding process variables and improve grinding performance.
Force-sensing adaptive control will be described in Section 6.

The turbine vane segment shown in Fig. 2 illustrates a
cost-effective, multioperation grinding application.

The current processing of this part requires five setups,
eight operations and involves four machine tools as shown in the
right-hand column of Table 1. One loading of the fixture pro-
duces 26 vane segments. The current total machining time is
9.37 hours, and does not include setup time for the five setups.
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With the CNC multioperation method using two wheelheads on
the same cross slide, the number of required machine tools is
reduced from four to one, setups are reduced from five to three,
and the machining time reduced from 9.37 hours to .96 hours as
summarized in Table 1. Setup No. 1 is shown in Fig. 3 with one
wheel performing operations 320, 330, part of 354 and part of
350 as operation 1, and the other head (not simultaneously) per-
forming part of 350 and part of 352 as operation 2. The opera-
tion times for conventional workspeeds are given in Table 2.
(Further reduction by creep grinding is discussed later.)
Setup No. 2 is shown in Fig. 4 with both heads grinding simul-
taneously. Operation times are given in Table 3. Simultaneous
operation of both heads can be achieved in this instance because
of the relatively wide tolerance of ± .003 inches on the depth
of the grooves. Setup No. 3 is shown in Fig. 5 where operations
430 and 420 are performed as operations 1 and 2 with one head,
and operation 340 is performed subsequently with the second head
as operation 3. Table 4 gives the operation times.

From the comparison of CNC multioperation grinding with
two heads on a single cross slide with current methods outlined
in Table 1, it can be seen that significant reduction in machining
time can be achieved, not to mention the elimination of setup
time. Setup times on large machines may take as long as 16
hours. Tooling costs may also be reduced as the number of setups
is reduced.

3.0 MULTIOPERATION GRINDING--TWO WHEELHEADS--SEPARATE SLIDES

Large diameter parts often require wheelheads on separate
slides. It may also be desirable to perform grinding operations
with both heads and slides simultaneously. The "Vane-Cluster
Assembly-3rd Stage" shown in Fig. 6 is another example where
significant savings can be achieved by multioperation grinding.
Eighteen of these Cluster Assemblies are mounted on the table
of a vertical grinding machine to generate an O.D. of 44.67 inches
along with the other surfaces shown in Fig. 6. Figure 7 shows
the configuration of a typical large vertical grinding machine
with the left-hand head arranged for O.D. grinding and the right-
hand head for I.D. grinding. Current processing methods use the
L.H. head to grind operation 40 in one setup. In another setup the
O.D. of operation 50 is ground with the L.H. head while the R.H.
head grinds the I.D. A third setup is used with the L.H. head
roughing out part of operation 60 and the R.H. head finishing the
groove of operation 60 to full depth. Operation 70 is performed
in a fourth setup on a B&S surface grinder.

With the CNC multioperation method proposed here, assuming
fixturing conditions can be satisfied, only one setup would be
made. The L.H. head would be set up to grind operation 40, and
the O.D. on operation 50 as shown in Fig. 8, thereby combining
two operations into one.

14.
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The I.D. part of operation 50 and operation 60 would also
be combined and performed with the R.H. head simultaneously with
the O.D. operation as illustrated by the vector feed in Fig. 9.
At the conclusion of this operation (50,60) the R.H. head would
index into position for executing operation 70 by performing a
Z feed.

Table 5 summarizes these methods where two machines and
four setups are required with the current method while one
machine and one setup is required in the suggested method. Setup
times for large grinders can vary from 3 hours to 16 hours with
8 hours as a reasonable average. Reducing the number of setups
not only saves setup time, but also reduces tooling costs, such
as diamond dressing rolls. In addition, the machining time from
Table 5 is reduced from 296.8 min. for the current method to
101.8 min. for the CNC multioperation method.

3.1 AUTOMATIC PRECISION SIZING

The present method of sizing the various surfaces on the
vanes generally requires the operator to interrupt the operation;
to make a measurement of the remaining stock; to enter this in-
formation into the control, and to proceed to finish grind to
final size. It would be desirable to have the machine auto-
matically hold size directly without the attention of an operator
thereby approaching untended operation. With multioperation
grinding it is impractical to use "in-process" gaging because
of the many surfaces generated. Therefore, it is necessary for
the machine and its control to provide automatic precision sizing.
Size errors can be caused by (1) Thermal Expansion (2) Elastic
Deflection of the machine components (3) Variable amounts of
wheelwear, and (4) Inaccuracies of Machine Movements. Methods
for eliminating or greatly reducing Thermal Expansion errors are
presented below. Methods for reducing deflection errors and wheel-
wear errors are presented in Section 6.

3.2 THERMAL EXPANSION ERRORS

The cross slides on large vertical grinders are typically
driven by independent Servo motors and Ball Screw Drives as
illustrated in Fig. 7. The origin of the X coordinate of each
system is implicitly located at the corresponding ball screw
thrust bearings or a limit switch nearby. On large machines
only a few degrees rise in temperature can cause significant
thermal expansion in the ball screws, columns and structure re-
sulting in size errors. Figure 6 shows that a tolerance of ± .002
in between the I.D. grind of operation 50 (R.H. head) and the O.D.
grind of operation 40 (L.H. head) is required. This means that a
common stable reference system is required to precisely coordinate
the movements of both heads.

20.



The effect of thermal expansions in the machine structure
and ball screws can largely be eliminated by using the dresser
as a sizing reference and by insuring that the dresser is stably
located in relation to the workpiece or table centerline. In
this way, the wheel, once it is dressed, must move a specified
distance from the dresser to produce a precision size. Thermally
caused size errors are reduced to the thermal expansion of that
section of the the ball screw involved in moving this short
distance. Therefore, the dresser should be located as close as
possible to the size position.

3.3 COMMON REFERENCE SYSTEM FOR DRESSERS

To construct a stable reference system a constant tempera-
ture is required. A temperature-controlled coolant system is
probably the most convenient constant temperature reference.
Figure 10 illustrates a diamond roll dresser mounted on a trunnion
permitting it to be swung in over the workpiece and positioning
the dresser roll relative to the work centerline. The stop A
locates on the constant temperature reference plate which is
bolted to the rotary table at the center through an insulating
pad. Constant temperature cutting fluid bathes both top and
bottom surfaces of the reference plate maintaining it at constant
temperature. The rotary table is free to expand under the insu-
lating pads due to bearing and table drive heat without deform-
ing the reference plate. The grinding wheel comes into position
in front of the trunnion and dresser bracket, and may move al-
ternately back and forth from its grinding position to its dressing
position. In some cases it may be desirable to replace the stop A
with a displacement transducer and provide a fixed stop against the
base to avoid the sliding contact stop at A. Then the displacement
transducer can be interfaced to the computer control which, in turn,
can compensate for thermal dresser movements relative to the ref-
erence plate. A similar diamond dress roll, and trunnion support
would also be provided for the R.H. head thereby referencing it to
the common reference plate. In this way, thermal size errors can
be largely eliminated. Thermal displacements in other parts of
the machine have no effect on size as long as the wheels contact
the dresser rolls during dressing. In effect, the thermal dis-
placements are absorbed in the "Compensation for Wheelwear" move-
ment.

4.0 PRINCIPLES OF GRINDING

The success of the grinding operations described above is
critically dependent upon the grinding wheel's ability to remove
stock and to maintain its form. It is important, therefore, to
develop relationships for stock-removal rate, wheelwear rate,

21.
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surface finish and surface integrity in terms of feedrate, grind-
ing force, wheelspeed, workspeed, etc. Recent trends in Europe
and the U. S. toward "Creep Feed" grinding indicate improved stock-
removal rates, and reduced wheelwear using the "Creep Feed"
method. Accordingly, it is desirable to relate and compare "Creep
Feed" grinding with normal workspeed grinding. In order to do this
the following sections define and present important grinding vari-
ables.

4.1 Input-Output Variables

Although many grinding operations perform satisfactorily,
occasional undesired results are sometimes produced; viz, thermal
damage, size scatter, fluctuating taper, variations in surface
finish, form errors, etc. These variations in output variables
are caused by variations in certain grinding process variables
which are not being properly controlled. It is important to dis-
tinguish between inputs to the grinding machine, inputs to the
grinding process and outputs from the grinding process as illus-
trated in Fig. 11. The inputs to the grinding machine consist of
the various machine settings as well as stock variations, stock
runout and hardness variations. These inputs to the machine
cause certain wheelwork interface forces to be generated. These
forces, along with the wheel sharpness, act as inputs to the
grinding process (that which occurs at the wheelwork contact zone).
Outputs from the grinding process are listed on the right in
Fig. 11. In order to obtain certain desired outputs it is helpful
to understand the relationship of the various outputs to the in-
puts. These relationships are developed in the following sections.

4.2 The Wheelwork Interface

The grinding process takes place at the wheelwork interface.
In cylindrical plunge-grinding operations, the interface force
intensity (normal force per unit width of contact) is uniformly
distributed over the face of the wheel. Accordingly, plunge
grinding is the simplest type of grinding as illustrated in Fig. 12.
The feedrate if is applied to the cross slide of the machine. At

the moment the wheel contacts that workpiece, the interface force
intensity is zero. As the cross slide continues to move, the
"springs" in the system compress, generating some interface force
intensity Fn . This causes the wheel and work to mutually "machine
each other, the radius of the workpiece decreasing at the rate
the radius of the wheel decreasing at the rate % ,3nd the deflec-
tion x increasing at the rate i, thus:

Vw + vs + X = Vf (1)

The feedrate of the cross slide f only equals the plunge-grinding
velocity v when the wheelwear v is negligible and j - 0 (the

steady state).

22.
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The volumetric rates of stock removal Z' and wheelwear
w

Z' per unit width of contact:

Zw=1 Dw Vw (2)

Z' : i D v (3)
S S S

are plotted against the normal interface force intensity in
Fig. 13, resulting in a "Wheelwork Characteristic Chart" which
shows how a given wheelwork pair machine each other. The stock-
removal curve Z' (solid dot) has a "Rubbing Region" at force

intensities below Fh the "Threshold Force Intensity"; a "Plow-

ing Region" for force intensities between Fth and F c, the
"Plowing-Cutting Transition"; and, a "Cutting Region" above
Fpc (2). In the cutting region, the abrasive grits remove chips,
in the usual way; in the plowing region they remove material by
causing lateral plastic flow, and highly extruded ridges to be
formed along each side of the scratch, these ridges being removed
by subsequent grits. The plowing region is important in obtaining
good surface finishes. The cutting region is important in round-
ing up the workpiece and fast stock removal.

The slope of the Z' curve is called the "Work Removal

Parameter", WRP, or sometimes, Aw , and is indicative of the
"Sharpness" S, of the grinding wheel, defined as:

WRP (4

which represents the cross-sectional area of a hypothetical ribbon
of material being removed from the workpiece per unit normal force.
The sharpness of grinding wheels is one of the most important vari-
ables in the grinding process, and is frequently most difficult to
control in practical grinding operations. Its value may vary 400%
to 500%, causing size, taper, surface finish, and surface integrity
problems.

The wheelwear curve Zs , in Fig. 13, rises gradually at low
force intensity and then turns sharply upward (around 28 N/mm
(150 lb/in) in this case), at the so-called "Breakdown Force In-
tensity" Fid. Precision grinding cycles must operate between Fih
and F d' Curves for Surface Finish and Power can also be shown

on the Wheelwork Characteristic Chart.

4.3 Wheelwork Conformity

The difference in curvature of the wheel and work in the con-
tact region has some effect on the cutting action at the wheelwork

28.



interface. The difference of curvature for internal or ex-
ternal grinding can be related to surface grinding by consid-
ering an "Equivalent Diameter" D of a surface grinding wheel
having the same difference of curvature as the internal or ex-
ternal operation.

The "Equivalent Diameter" 0 illustrated in Fig. 14 is
given by: e

2 2  + 2
F_ D T_(5)

De = w U D (6)w S

where the + or - sign is used for external or internal grinding.
'With this parameter, internal, external, and surface grinding can
be related.

In grinding shoulders with wheels inclined at the angle 8,
the radii of curvature of the abrasive wheel in the X and Z di-
rections shown in Fig. 15 are:

n-s

R -s (7)
Rsx =2 cosa 7

D
D S

Rsz 2 sinB (8)

so that:
(D D

C s (9)

Dw S S

ZDe = sin (10)

The preceding equations are valid for conventional cylin-
drical and surface grinding, but they are not valid for "Creep
Feed" grinding. In "Creep Feed" grinding the workspeed is very
slow, and the wheel is set to take the full amount of stock in
a single pass as illustrated in Fig. 16. Under these conditions
the grinding wheel tends to grind its own curvature into the
workpiece regardless of the curvature of the work. The surface
in the immediate contact zone is a trochoidal surface as shown
by Hahn (1), and it is the difference in curvature A, between
the wheel and this trochoidal surface that affects the grinding

29.



action. This difference in curvature from reference (1) is:

(w O ,)(Dw 2Ht)

A +-S NDS), ff(11)

(Ds  Nw)

and the corresponding Equivalent Diameter De is:

De = 2 (12)

In "Creep Feed" grinding, very large values of D occur. Their
affects will be discussed in Section (5.3). e

4.4 Basic Plunge-Grinding Relations for Conventional
Cylindrical Grinding*

Stock removal, wheelwear, surface finish, power and force
relationships can be developed from the Wheelwork Characteristic
Chart illustrated in Fig. 13. Neglecting the plowing region in
Fig. 13 for simplicity, the stock-removal relation is:

Z' = WRP (Fn - Fth) or: (13)

TDwvw WRP (Fn - Fth) or: (14)

WRP(F' - Fih)
vw - rD (15)

w

Equation 15 gives the plunge-grinding velocity in terms of the
normal interface force intensity.

When the wheelwear rate is negligible (%s < Vw) and a steady
state of deflection exists ( =0) equation I becomes:

vw = vf (16)

Equation 15 can be solved for Fn with ;f replacing w , thus:

F TDw v f '
Fn WRP + Fh (17)

*-Primed quantities signify per unit width

30.



This gives the induced force intensity generated by the
feedrate f in the steady state.

f
The wheelwear curve Zs in Fig. 13, below Fd may be

approximated according to Lindsay (5) by:

= WWP (Fn) 2  (18)

9 i+~ N D
Where: WWP .068 x 10 "  De Ns Vs . (19)

With this wheelwear parameter, WWP, wheelwe'ar can be esti-
mated for various grinding conditions.

The Breakdown Force Intensity F~d in Fig. 13 may be
estimated for A1203 vitrified wheels (3) by:

.55 .25
F~d = 62.3(vol) (D e ) (N/cm) (20)

Precision grinding cycles should be designed so that the in-
duced force intensity lies below F d.

The wheel depth-of-cut h (advance of wheel per work revo-
lution) is given by:

Nw (um)-_ (21)

This relation permits all the results developed for cylindrical
grinding to be applied to surface grinding operations at normal
workspeeds.

The "Work Cutting Stiffness", Kc (normal force required to

take unit depth-of-cut) is an important quantity governing the
rate of rounding up, the sparkout time, and chatter behavior when
compared to the "System Stiffness" Km. It is given by:

F V W
Kc = _n w (N/mm) (22)WRP

The dimensionless "Machining--Elasticity Number", a, formed by
the ratio:

Kc - (23)

relates elastic effects in machining or grinding operations to the
stiffness of the machine tool.
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The Power P absorbed in the grinding process is:

P =FtV s  (N m) (watts) (24)

The ratio Ft/F varies between .3 for a dull wheel, and

.7 for a sharp wheel with an average value of .5. Therefore:

F = .5F (25)

t n

and:

P = 1/2 FnV S  (26)

Using Eq. 17 and neglecting the threshold force Fth

p = T DwW Vs
2 WRI v (27)f

gives the power required for any feedrate

The "Specific Power" Ps using Eq. 13 and neglecting F h is:

P1 vs (joules

=RP -Jou2es) (28)
w mm

The "Time Constant" TO of a grinding system governs the
time required to build up grinding force or sparkout. It depends
upon the System Stiffness Km and on the material being ground
WRP (3).

7r Dw W
To WRP Km (sec) (29)

On materials exhibiting a plowing region, the time constant
suddenly changes during a sparkout when the plowing region is
encountered. The WRP in the plowing region is about 1/3 WRP
in the cutting region.

The "G Ratio" giving the ratio of the volume of metal
removed to the volume of abrasive consumed is generally a
variable depending upon the particular operating force in-
tensity. It is a valid ratio only in the case where the Z

vs. F; and the Z; vs F. relations are straight lines emanating

from the origin in Fig. 13. Generally, this is not true.
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4.5 Machinability Parameters in Grinding

The Work Removal Parameter, WRP, the Threshold Force
Intensity in Eq. 13 and the Specific Power, are the principle
factors governing machinability in grinding. Some typical
values of WRP for various alloys are given in Fig. 17 ranging
from around .06 for T15, to 1.5 (cumm/sec*N) for chrome cast
iron. Values of WRP may be estimated for so-called "Easy-to-
Grind" materials with Lindsay's (5) semiempirical equation:

(NwDw) .( 2c (+ 58N D

WRP = .00958 (N---Ds-) ( s s (cumm/min*N) (30)

De 1  (vol 4 7 
C 3 (Rc )1. 42

Values of WRP for "Difficult-to-Grind" materials are best ob-
tained by measurement. Some typical values for T15 and M50 are
shown in Figures 18 and 19. These figures also show Threshold
Force Intensities Fih. The Threshold Force is very important
at large De2 and often causes problems in rounding up, sizing,

and obtaining consistent surface finish. The variation of
Fih with De for several wheel speeds is shown in Fig. 20.

The Specific Power P for AISI 52100,M50 and M4 at
s

several wheel speeds, shown in Fig. 21 ranges from 7.7 for
52100 to 320 (HP/cu.in/min) for M4. The "Lindsay Chart" (4)
in Fig. 22 shows the relation between Ps and WRP for Cast Iron,

AISI 52100,M50 and M4. For each material, the arrows indicate
the effect of increasing wheel speed. For Cast Iron increasing
wheel speed reduces Ps and increases WRP, both parameters moving

in a favorable direction. For M4, increasing wheel speed in-
creases Ps and reduces WRP, both parameters moving in an un-

favorable direction. Accordingly, M4 should be ground at low
wheel speeds while Cast Iron at high wheel speed.

4.6 Surface Integrity

The generation of precision surfaces with good surface
finish does not necessarily guarantee a surface free of thermal-
cracks, or residual tensile stress. Those detrimental effects
are caused by localized high temperatures during the grinding
operation. There is generally a threshold temperature above
which thermal damage will result. If grinding conditions are ad-
justed to stay below this threshold, good surface integrity can
be obtained. The principle factors determining the heat generated
in grinding are the wheel speed,work speed, force intensity, De,

and wheel sharpness, the latter being the most difficult to control.
As the wheel dulls, the Sharpness, S, defined by Eq. 4 drops,
thereby reducing WRP, which, in turn, causes a rise in F' according
to Eq. 17. Both of these effects tend to raise grinding temperatures.
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The threshold force intensities to cause incipient crack-
ing of AISI 52100 steel after an acid etch when grinding at
normal work speeds are plotted against work speed in Fig. 23
(6) for a dull wheel (WRP = .1 cumm/sec*N the lower curve) and
for a sharp wheel (WRP = .335 cumm/sec*N upper curve). It will
be seen that high work speeds and sharp wheels permit higher
force intensities and stock-removal rates to be used. When
the grinding zone temperature is calculated (3), the two curves
in Fig. 23 are reduced to a single function as shown in Fig. 24
showing that temperature is the controlling factor.

Good surface integrity can be obtained by operating at
high work speeds, using sharp wheels, and not permitting the
induced force intensity to exceed some experimentally determined
threshold value. Fig. 25 illustrates the effect of increasing
work speed and wheel sharpness on residual stress (6). Point 2
corresponds to a dull wheel (WRP = .00288 cu.in/min*lb) and a
low work speed (Vw = 50 fpm) resulting in 200,000 lb/sq.in. ten-
sile stress. Point 3 shows the effects of increasing the work
speed with the dull wheel. Point 7 corresponds to a sharp
wheel (WRP = .0058 cu.in/min*lb) and high work speed, resulting
in a residual compressive stress. Methods have recently been
developed for automatically monitoring wheel sharpness and in-
duced force intensity to accomplish "Controlled Surface Integrity
Grinding". These methods involve force sensors and computer con-
trol (12).

5.0 Creep-Feed Grinding

The procedure of setting the wheel to take the full depth-
of-cut, and feeding the work slowly under the wheel is known as
"Creep-Feed" grinding. It has been found, in a number of surface
grinding applications, that stock-removal rates may be two to
three times greater than conventional rates, and wheelwear rates
are greatly reduced at the same time. This makes the process
attractive where forms and profiles must be produced. However,
the tendency to burn and thermally damage the workpiece is greatly
increased so that the coolant application becomes critical as well
as maintaining a sharp wheel.
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5.1 Forces in Creep-Feed Grinding

Figure 16 illustrates a grinding wheel taking a deep
creep-feed cut. The normal and tangential stress an and at
are shown at the position 0. Analogous to Eq. 13 is the
following basic stock-removal equation:

w w (Gn -Oth) (31)

where Z" is the volumetric stock-removal rate per unit area,

and Oth is the threshold normal stress.

Since:

Z= Vw sin e (32)w

the normal stress from Eq. 31 is:

Vw sine h (33)

On  - Aw Oth (3

Also:

at = pon (34)

where V is the effective coefficient of friction. Then, an
element of the normal force is:

dFn =n w "S do (35)
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dF n - a + Oth dO (36)
n 2 [A w

and the tangential force:

dFt =P'n wD dO (37)

jw Vwsine

dFt -wDs VWA w  +0th] do (38)

The vertical and horizontal forces Fy and Fx are

found by integrating:

dFy = dFn cosO±dFt sinO (39)

dF x = dFn sino±dFt cose (40)

between the limits 0 = 0 and 8 = o where:

00 = cos'I(1 -2) (41)

and,

+ is used for climb grinding and

- for conventional grinding.

The results are:

F f~ V~, sin 2e0+thsn
y 2 2 th

Fx - 25  [ o -sin Oo°SO +thl -c°S o)

( 27 OO/1 (4)
+wDs F Vsin 00

- w Zww +(0 sin

2-- LA-W th 0o]

Also, the torque on the wheel is: Ds

dT = - dFt (44)
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(D ) Vwsin 0 +0th do
T = p(7--)w 0o Awth

= P w (1c0Seo) +athj t45)4 Aw 0

These equations may be simplified where the wheel depth-of-cut
h is small compared to the wheel radius, thus:

coseo = I _2h D s

02 
2h

1 0s--=

0 =2 and sine, e 0  <46)

Equation 42 simplifies to:

Fy:ws Vwwos  + th I (47)

For grinding conditions where the threshold stress is negligible,
the second term can be dropped giving:

F- wVw h (48)

Y Aw

so that the cutting stiffness is:

Kc WVw (49)c Aw

in agreement with Eq. 22.
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5.2 Stock-Removal Rate vs Work Speed

In conventional cylindrical grinding the stock-removal
rate is essentially independent of work speed. In Creep-Feed
grinding the stock-removal rate is directly proportional to
work speed. Thus, two regions exist as shown in Fig. 26(l).
The requirements for operating in the Creep-Feed region are
outlined below.

Equation 48 gives the separating force Fy when threshold
stresses are negligible. This force must be in equilibrium
with the elastic force generated by the deflection x of the
machine, thus:

Km x Kc h (50)

Also, from Fig. 16:

d = h + x (51)

Eliminating x gives:
Km

h= Km+Kc d (52)

The stock-removal rate per unit width Z' is:

z = w  (53)

= Km Vw
d

Km+Kc

Recalling from Eq. 49 that the cutting stiffness Kc is pro-

portional to work speed, two cases arise:

1. Kc is large compared to Km
Equation 54 becomes:

Vw Kmd KCmd
- Kc Aw w (55)

2. Kc is small compared to Km-

Equation 54 becomes:

Z' = Vwd (56)w

showing that the stock-removal rate is
proportional to work speed.

45.

L _--*aS... .. -.. . .



The criterion for operating in the creep-feed
region is:

Km ; 10 Kc (57)

Therefore, Creep-Feed grinders are designed to
withstand large forces and have a large stiffness.

5.3 Work Removal Parameters--Creep Grinding

The general literature on Creep Grinding describes,
mostly, production rates and applications. Very little litera-
ture exists relating forces and stock-removal rates. However,
Salje (10) has reported increasing force levels and reduced
wheelwear at very low work speeds. Figure 27 shows the normal
force intensity F; and the wheelwear experienced at various
work speeds and depths-of-cut. The tests were made at a con-
stant stock-removal rate Z;. From this figure it will be seen
that force intensities tend to rise at very low speeds. Pratt (8)
has also reported increased power at very low work speeds. If
it is assumed that the friction coefficient between wheel and
work p is .5, then the power readings can be converted into
normal force intensity as shown in Fig. 28.

The reason these two investigators have found higher forces
and power at very low work speed is related to the excessively
large value of D (Equivalent Diameter) existing at these condi-
tions. It will ge recalled from section 4.3 that the difference
in curvature, or De' affects the grinding parameters WRP and Fth.

Equation 11 for the difference in curvature can be simplified to:

2 - 1+2S)(Ai = us( ) (58)

where S = Wheel Surface Speed/Work Surface Speed. For surface
grinding Dw and Eq. 58 becomes:

Ai [s + s.] (5g)
-5i (I + S)'

or: D = 2 (1 + )2 D (60)
e 1 - 1 + 2S s 60

The values of De are also plotted in Fig. 28 for Pratt's power
data. It will be seen that the power increases as the value of
De becomes excessively large, then drops down again. This indi-
cates there is some value of work speed where power and forces
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are a minimum. Using the data of Fig. 28, the stock-removal
rate Z4 can be plotted aginst normal force intensity as shown

in Fig. 29 for several values of work speed or D e The slope

of these curves is the Work Removal Parameter Aw . It will be

seen that the Work Removal Parameter drops rapidly as the
Equivalent Diameter becomes excessively large. Figure 30 shows
the WRP and the De plotted directly against work speed. In

grinding the K9 Tool Steel used by Pratt, the De should not be
allowed to exceed 2000 meters. Some typical values of Creep
Feed grinding parameters are given in Table 6.

5.4 Grind Time--Normal Work Speed vs Creep

In addition to combining operations as suggested in
section 3.0, reducing the grind time for each operation ob-
viously improves productivity and reduces grinding costs.
The grind time for executing the ID grind (operation 501D and
60) on the Vane-Cluster Assembly shown in Figures 6 and 9 will
be estimated for both Creep Feed and normal work speed grinding.

In normal work speed grinding, the wheel is fed into the
workpiece at the rough-grind feedrate. The extreme tip of the
wheel for grinding the deep groove will strike the workpiece
first and only after some time has passed will the wheel become
fully engaged with the workpiece. Using Eq. 15 and a typical
value for the Work Removal Parameter Aw of .0045 in3/min.lb

(16mm 3/min.N) gives the feedrate to produce a normal force in-
tensity of 167 lb/in.

= =wn .0045 x 200 .0057 in/min

'' 7TDw~W IT42 x 1.20

At this feedrate the time required to remove .360 in. of
stock (excluding dressing time) is:

Grind Time = .360 = 63 min.

.0057

and the fully engaged stock-removal rate is:

Z = AwF; .0045 x 200/1.2 = .75 in2/min

Zw = Z W = .75 x 1.2 = .90 in3/min

With the Creep Feed mode of grinding, the wheel is set to
full depth (in a gap between two vane clusters), the table is
rotated at a creep-feed rate taking the full depth-of-cut in one
revolution.
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The area of cut A, from Fig. 9 is .124 In. 2the Stock-removal rate is: , and

Zw :A Vw
From Eq. 13:

zw =Aw Fn

Therefore:

A V = A F

and the creep-feed rate is:

Vw  l .45x200
A 7124 = 7.26 in/min.

In this case the Creep Feed Grind Time is:

Grind Time Ow n 42Tw  -_ 18.2 rain.
and the full stock-removal rate is achieved as soon as

the complete "footprint,, (Fig. 31) is developed. Thus:

Z = A V = .124 x 7.26 = .90 in /min.
as before.

From this it can be seen that the creep grinding of
forms or profiles is much faster (18 vs 63 min.) because the
full stock-removal rate can be developed much sooner than in
normal work speed grinding where considerable distance must
be fed to completely engage the wheel.
5.5 Wheelwear--Normal 

Work vs CreeAnother major characteristic 
of creep-feed grinding is

the greatly reduced wheelwear rate. In grinding at normal
work speeds, the contact area or "footprint" between wheel and
workpiece is relatively small, and the unit pressure relatively
high. In creep-feed grinding the contact area is much larger,
and the unit pressure relatively low. This results in greatly
reduced wheelwear. Salje (10) found a 29 to I drop in wheel-
wear as shown in Fig. 27 as work speed was reduced while main-
taining the same stock-removal rate '. The experience of
others (7,8,9, 11) generally confirmsw this observation.
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In order to relate wheelwear under a wide variety of
conditions it is convenient to use the volumetric rate of
wheelwear per unit width of cut Z', divided by the wheel
surface speed Vs. This quantity, Z'/V s , represents the thick-
ness of the extremely thin layer of abrasive material being
worn away from the surface of the wheel each revolution.

Extensive measurements of wheelwear under carefully
controlled conditions have been carried out by Lindsay (5)
for internal, external and rotary surface grinding at normal
work speeds. Figures 32, 33, 34 show the wear thickness
Z'/V s , plotted against average normal contact pressure with

5
the corresponding operating data given in Tables 7, 8, 9.From these data the wear thickness is found to obey:

Zs = WP x De P3  (in) (61)

where: WP = .407 x 10 the Wear Parameter

De is the Equivalent Diameter (ir*

P is the average normal pressure (psi)

In order to use this equation it is necessary to know
the length of the contact area Ic (in), between wheel and work.
For grinding at normal work speeds (2):

1 = .214(De (F; -+j)we (2
c 44.6 - vol + Ith)AwDe (

where: vol = 1.33H + 2.2S - 8 (63)

H = 0,1,2,3 ... for H,I,J,K...wheel hardness

S wheel structure number.

The first term in Eq. 62 is due to the elastic deforma-
tion of the wheel in the contact region, and the second term
is due to the depth-of-cut. For creep-feed grinding:

.214 (Be F )

1c = 44.6 - voF + (hDs).s (64)
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In grinding the vane cluster in Fig. 31 at normal
work speeds with Aw = .0045 in3/min.lb, and Fn = 200 lb,
the length of contact, from Eq. 62, may be found. Calcula-
ting first the value of D in the X direction from Eq. 9
for a 600 inclination ang~e gives:

Dw Ds/cos60
H e =Dw - Ds/cos60

42 x 14/.5 84 in.
42 - 14/.5

The wheel hardness term "vol" for a K grade, 5 structure

wheel from Eq. 63 is:

vol = 1.33 x 3 + 2.2 x 5 - 8 = 7.0

The length of contact at 15 rpm work speed from Eq. 62 is:

1c = .214(84 x 167)3 +(167 x .0045 x 84 )2
44.6 - 7 ( r x 42 x 15

= .137 + .179 = .316 in.

Then, the average normal contact pressure is:
Fn _ 200 - 527 psi

= 1.2 x .316

From Eq. 61 the wear thickness is:

ZS= .407 x 10- 1 1 x 84 (527)1
Vs

= 5.0 x 10-8 in.

For a 14 in. diameter wheel running at 1750 rpm the wear
velocity is is:

Vs = zs. N s  5.0 x 10'8 x 1750
S

Vs = 87.50 x 10-6 in/min.

This wheelwear rate governs how fast the form or profile on the
wheel will be lost. For example, if the groove-cutting portion
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of the wheel is required to cut 10 min. before the other
areas of the wheel become engaged, it will experience a
radial wear of 875 microinches. The wheelwear in creep-feed
grinding will be much less as shown below.

For grinding the vane cluster in Fig. 31 in the creep-
feed mode, the contact length is much greater as shown in
Fig. 31. For example, the length of contact in region "C"
from Eq. 64 is:

ic = .137 + (.360 x 14/cos60) "s = 3.31 in.

The force contributions from the three regions in
Fig. 31 are:

FA = (.6 x 2.3 x .65/2)ao = .448 o

FB = (.3 x 1.7 x .5/2)o = .127 a

FC = (.3 x 3.3 x .5)o = .495 0

where o is the normal stress at the leading edge of the

footprint. Since the total normal force is Fn:

FA + FB + FC = Fn

(.448 + .127 + .4 9 5 )oo = 200

and the maximum stress is:
200

0 = 200 = 187 psi

Then, FA = 83.8 lb

FB = 23.7 lb

FC = 92.6 lb

as shown in Fig. 9.

In creep-feed grinding there is no sparkout process as
in normal grinding so that the final shape of the part may be
distorted due to either part deflection or wheel deflection.
Therefore, it is important to consider the work and wheel de-
flections under the heavy creep-feed forces. It will be
appreciated that the deflections will decay as the wheel exits
from the cut. This may cause a form error in the workplece
depending upon the stiffness of the system.

Equation 61 may be used to calculate the wear thickness
value. The wear parameter WP in Eq. 61 can be determined "on
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line" by the computer as follows: After the wheel has been
dressed, a selected surface of the wheel is positioned by
the computer against the Wheelwear Measuring Station's sensing
switch illustrated in Fig. 10. When this switch makes contact
the wheel position is saved. The wheel then goes to its grind-
ing position. After grinding for a known time and pressure P,
derived from the load cell reading, the computer repositions
the wheel at the Wheelwear Measuring Station and feeds it
against the switch until contact is again made. The difference
in positions gives the actual wheelwear. The wear parameter
WP can then be derived.

Using an average value of .407 x 10" 7 for the wear
parameter and 0 e 84 in. Eq. 61 becomes:e

= 34 x 10 "-1 p3

Then for region "A", the average pressure and wear rate are:

PA = .65 x 187 x .5 = 60.7 psi

- 34 x 224479. x 10 7 = 76.7 x 10-12 in.

Vs = 76.7 x 10-12 x 1750 .134 x 10-6 in/min.

For region "B":

PB = .5 x 187 x .5 = 46.7 psi

Zs = 34 x 102175 x 10" ' = 34.9 x 10-12 in.

= 34.9 x 10- 1 2 x 1750 = .061 x 10 -' in/min.

For region "C":

PC = 187 x .5 = 93 psi

Z = 34 x 804357 x 10 "17 = 275. x 1012 in.

vs

Vs = 275 x 10 1 x 1750 = .481 x 10 1 in/min.

From the above it will be seen that the wear rate in
region "C" is 87.5/.481 or 182 times smaller when creep-feed
grinding as compared to normal grinding. Also, the wear rate
in region "C" is about 8 times greater than the wear rate in
region "B".
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These calculations, when carried out in the computer,
permit the computer to estimate differential wheelwear over
different sections of the wheel and to prevent the form
errors from exceeding the form-error tolerance.

6.0 Control System--Force-Adaptive Grinding

The problem of reducing grinding costs; improving
product quality, and operating with personnel having a mini-
mum of grinding expertise, confronts many plants. Grinding
operations often produce parts that do not conform precisely
to what is desired. Holding precision size, or roundness and
concentricity, form or taper or surface finish without burn,
in a short cycle time, is often difficult to achieve. These
problems arise because of the inability to control certain
variables in the grinding process. It is, therefore, important
to identify those variables, and to bring them under control to
insure consistent size, form, taper, surface finish, and sur-
face integrity (freedom from burn), and product quality.

On conventional grinding machines, the feedrate is con-
trolled. As the grinding wheel engages the workpiece, forces
are induced between wheel and work--the higher the force, the
faster the stock removal. The induced force also governs the
surface finish, the deflection in the machine, the wheelwear
rate, and the onset of thermal damage. Therefore, the induced
force is one of the important variables which is uncontrolled
in conventional feedrate grinding machines.

The ability of the cutting surface of the grinding wheel
to remove stock, called the Wheel Sharpness, is the second ex-
tremely important variable in the grinding process. In feedrate
grinding, as the Wheel Sharpness drops (wheel becomes dull or
glazed), the induced force rises resulting in increased deflection
and, sometimes, thermal damage.

To obtain consistent grinding results of high quality,
and to reduce or eliminate continual operator supervision, it
is necessary to control the two important grinding process
variables, the interface force and the wheel sharpness as
illustrated in Fig. 11. In order to do this, a force sensor
is built into the wheelhead which can be calibrated in terms of
grinding force, and interfaced to the computer control. Force
sensors of the noncontacting type can measure minute deflections
of the rotating wheelhead spindle resulting from the grinding
force. Once the computer has access to the grinding force, it
can manage the grinding cycle to provide improved performance
with less operator attention. For example, in grinding the
vane cluster shown in Fig. 31, the section "C" of the wheel may
wear more than section "B" or "A" producing a form error. The
computer, knowing the force intensity F' or pressure P, and the

nwheelwear parameter, can estimate the wheelwear and, in particular,
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the differential wheelwear between section "C" and section "A",
and can initiate a dressing operation to prevent excessive form
errors. Secondly, and of equal importance, the computer, know-
ing the induced force for a given feedrate can determine the
Wheel Sharpness and also initiate a dressing operation when the
wheel becomes dull to prevent thermal damage of, the workpiece.
It can also prevent a build-up of induced force which would
otherwise further contribute to thermal damage. In addition,
as these forces change, the computer can also compensate for
deflections in the system thereby providing more precise sizing
of the workpiece. In particular, in creep-feed grinding heavy
forces are generated and as the wheel exits from the cut these
forces decay and cause a roundness or shape error. The computer,
knowing the system stiffness and the cutting stiffness, can com-
pensate for the changing deflection to eliminate these shape
errors as explained in detail in Ref. (13).

6.1 Load Cell Wheelhead

Figure 35 shows a standard Whitnon wheelhead Type
411-0032-090 fitted with a pair of noncontacting sensors. The
sensors are mounted 180 degrees apart inside the wheelhead,
just behind the wheel collet in a horizontal plane to read the
normal grinding force. They are interfaced through a printed
circuit board in the push-button control box on top of the
computer terminal to a Digital PDP11/03 microcomputer. The
meter on the control box gives a visual indication of the grind-
ing force. The other push buttons on the box are used for jog-
ging, setup, and operating an XY plotter which simulates a two-
axis grinding machine.

The wheelhead was driven by a standard motor, and while
running idle, the computer was instructed to read the load cell
at closely spaced intervals, and store these readings in memory
in order to obtain the "noise level" of the wheelhead and load
cell. It will be appreciated that small precessional movements
of the spindle axis caused by the bearings will cause voltage
fluctuations in the load cell signal, and will appear as "noise"
in the system. The stored readings were later retrieved and
plotted.

The stiffness of the wheelhead spindle in Fig. 35 was
measured and found to be Km = 333000 lb/in. The load cell
system was calibrated by applying known forces at the wheel
collet and reading the resulting digital signal. This produced
a calibration factor of .117 lb. for an octal unit (least signi-
ficant bit) in the captured computer word. Figure 36a shows
the load cell "noise" plotted in terms of force where the read-
ings were captured every .01 seconds. Figure 36c and 36d are
similar plots but with reading intervals of .02 and .05 sec.
The wheelhead speed was 1750 rpm except for Fig. 36b where the
spindle was at rest.
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The noise level for this wheelhead is around 6 to 8 lbs.
which corresponds to a spindle runout of approximately 20 to
23 microinches. This wheelhead, when used in a grinding ma-
chine with 100,000 lb/in, system stiffness, would be capable
of holding size to 8 lb/100,000 lb/in. (80 microinches) on
radius or 160 microinches on diameter.

From Figures 36a and c, the error signal is seen to have
a dominant periodic component of about 13 cy/sec. This wheel-
head is built with three pairs of bearings. The front pair
have a bore of 110 mm and a retainer speed (the complement of
balls) which rotates at .45 times the spindle speed. When run-
ning at 1750 rpm the retainer will then be rotating at 13.125
rps. Therefore, the periodic component in Figure 36a and
Figure 36c is due to the retainer rotation, and is caused by
several balls being about 10 to 12 microinches larger than
their neighbors. The load cell "noise" could be reduced by
carefully selecting balls of equal size in the front bearing.

Figure 37 shows similar plots of the load cell noise
but at a wheelspeed of 1628 rpm. In these tests periodic
components close to the spindle speed can be recognized in
Figures 37a and 37b, along with a "beat frequency" of about
4.6 cps. Some of the other pairs of bearings in the head
may be the cause of the "beat frequency".

Drift tests were also conducted on the load cell wheel-
head. The analog output from the load cell was observed over
a 12-hour period, first with the wheelhead at rest, and then
with the wheelhead running at 1750 rpm. The first test showed
no drift whatsoever in the electronics. The second test showed
considerable drift as plotted in Fig. 38. Evidently, in this
wheelhead as the temperatures increase, an internal misalign-
ment takes place between the three pairs of bearings; i.e.,
the front bearings, the pair in the middle of the spindle, and
the rear bearings at the pulley end. This requires frequent
nulling of the load cell. Steps are being taken to do this
automatically in the computer.

7.0 Conclusion

From the work presented above it can be concluded that:

1. Significant cost savings can be achieved by
CNC multioperation grinding.

2. Force-Adaptive Grinding, using force sensors,
provides better control over the grinding
process variables; namely, wheelsharpness and
induced force thereby reducing the degree of
operator attention required, and improving
product quality.
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3. Elimination of thermal expansion sizing
errors can be achieved by either locating
the dresser at an invariant distance from
the work centerline, or by monitoring the
distance and compensating for variations in
dresser location by computer to provide drift-
free sizing.

4. In form grinding of profiles significant re-
ductions in Grind Time can be achieved with
greatly reduced wheelwear by using Creep-Feed
Grinding.

5. Force-Adaptive Grinding allows the computer to
compensate for deflections in the system to
provide greater accuracy.

6. Force-Adaptive Grinding permits the computer
to estimate wheelwear and to compen'sate in
sizing for wheelwear as well as to initiate
dressing operations to prevent form errors.

7. Force-Adaptive Grinding provides the computer
with the ability to monitor the wheel sharpness
and to initiate dressing operations to prevent
thermal damage of the workpiece.

8. Force sensors can be built into existing wheel-
heads to provide a reliable load cell capable
of operation in harsh production environments.

8.0 Recommendations

It is recommended that:

1. A rotary table creep-feed grinder be obtained
and modified to provide a constant temperature
reference plate and dressers located relative
to the work centerline.

2. A Creep-Feed Force Adaptive-Control be developed
for monitoring induced forces, wheel sharpness,
compensating for deflections, estimating wheel-
wear, to provide automatic sizing and form control.

3. Grinding tests be conducted to determine actual
cutting stiffnesses, threshold forces, machine
stiffness, wheelwear parameters, optimum table
speed, ability to compensate for deflections,
ability to estimate differential wheelwear and

4 maintain form, ability to monitor wheelsharpness
and prevent thermal damage and general ability to
produce high quality parts without operator atten-
tion.
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U. S. Citizen
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11.0 Interactions

There are no plans at this time to present this
material in a technical paper. However, some presentations
may be made in the future.

The principle investigator serves as a seminar leader
for American Machinist, and may discuss certain aspects ofthis work in these technical seminars.

12.0 Inventions

The method proposed in this report for referencing
two independent cross-slides to a common isothermal reference
related to the work centerline may be a novel approach to
holding size automatically on large grinding machines. The
computerized acquisition of wheelwear data by the introduction
of a Wheelwear Measurement Station and the use of this data to
estimate and compensate for wheelwear during grinding opera-
tions may also be a novel solution.
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TABLE 1 TURBINE VANE SEGMENT PROCESSING TIME

CNC MULTIOPERATION CURRENT METHOD

Time/hr. Time/hr.

SETUP NO. 1 SET UP BRYANT INTERNAL

Oper. 320,330 Oper. 320 2.08

Part of 354,350 .30 Oper. 330 .585

SETUP NO. 2 SET UP SHEFFIELD EXTERNAL

Oper. 352,354 .183 Oper. 340 .585

SETUP NO. 3 SET UP 36" BULLARD

Oper. 420,430,340 .48 Oper. 350 2.60

SET UP BRYANT INTERNAL

Oper. 352

Oper. 354 (Both) 2.18

SET UP SHEFFIELD INTERNAL

Oper. 420 .73

Oper. 430 .61

TOTAL MACHINING TIME .963 TOTAL MACHINING TIME 9.37
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TABLE 2 ESTIMATED GRIND TIMES -SET UP NO. 1

OPER. 1: VECTOR GRIND NO. 1 HEAD
(Oper. 320,330, Part of 350)

INDEX TO WORKPIECE....................... 10 sec.

VECTOR FEED .050 in. @ .0002 in/sec. .. 295*

DRESS..................................... 25

VECTOR FINISH .010 inl. @ .0002 in/sec. - 50

RETRACT................................... 10

OPER. 2: VECTOR GRIND NO. 2 HEAD
(Oper. 350, Part of 352 & 354)

INDEX TO WORKPIECE....................... 10

VECTOR FEED .050 in. @ .0002 in/sec. .. 295

DRESS..................................... 25

VECTOR FINISH .010 in. @ .0002 in/sec. 50

RETRACT................................... 10

UNLOAD AND LOAD............................ 300

Floor-To-Floor Time................... 1080 sec.

0.3 hr.

*INCLUDES 45 SEC. SPARKOUT TIME
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TABLE 3 ESTIMATED GRIND TIMES - SET UP 2

OPER. 1: 120 VECTOR GRIND BOTH HEADS
SIMULTANEOUSLY (OPER. 352,354)

INDEX TO WORKPIECE......................... 10 sec.

VECTOR FEED .020 in. @-00016 in/sec.......125

DRESS..................................... 25

VECTOR FEED .020 in. @.00016 in/sec.......125

DRESS..................................... 25

VECTOR FINISH .005 in. @.00016 in/sec. .. 30

RETRACT................................... 10

UNLOAD AND LOAD........................... 300

Floor-To-Floor Time..............650 sec.

0.183 hr.
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TABLE 4 ESTIMATED GRIND TIMES - SET UP 3

OPER. 1: VECTOR GRIND NO. I HEAD
(Oper. 430)

INDEX TO WORKPIECE ......................... 10

VECTOR FEED .050 in. @.0002 in/sec .......... 295

DRESS ....................................... 25

VECTOR FINISH .010 in. @.0002 in/sec ........ 50

RETRACT ..................................... 10

OPER. 2: VECTOR GRIND NO. 1 HEAD

(Oper. 420)

INDEX TO WORKPIECE ......................... 10

VECTOR FEED .050 in. @.0002 in/sec .......... 295

DRESS ...................................... 25

VECTOR FINISH .010 in. @.0002 in/sec ........ 50

RETRACT .................................... 10

OPER. 3: X GRIND OD NO. 2 HEAD

(Oper. 340)

INDEX TO WORKPIECE ......................... 10

X FEED .050 in. @.00009 in/sec .............. 555

DRESS ...................................... 25

X FINISH .005 in. @.00017 in/sec ............ 30

RETRACT .................................... 10

UNLOAD AND LOAD ............................ 300

Floor-To-Floor Time .............. 1710 sec.

.475 hr.
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TABLE 5 VANE-CLUSTER ASSEMBLY PROCESSING TIME

CNC MULTIOPERATION CURRENT METHOD

SET UP GRINDER SETUP 52 IN BULLARD GRINDER
Left Head OnlyL.H. Grind Oper. 40

and Part of Oper 50 Grind Oper. 40 (18 Parts).255in. @.008 - L.H. OD .25 5in.@.OO8in/min 31.9m"
Unload and Load 10.0R.H. Grind Oper. 50 (ID)

and Oper. 60 SETUP 52 IN BULLARD GRINDER
.390in. @.006 65.min. Both Heads
Index RH to Oper.70 .1
Grind Oper.70 Grind Oper. 50 (18 Parts)
(18 Parts) L.H. OD .160 @.O08in/min -.040in. @.0015 26.7 R.H. ID .290 @.O08in/min 36.25

Unload and Load 10.0Unload & Load 10.0
SETUP 52 IN BULLARD GRINDERFloor-to-Floor Time 101.8min. Both Heads
Grind Oper. 60 (18 Parts)18 Parts Complete L.H. ID Rough Groove

.290 @.006
R.H. ID Finish Groove

.390 @.006 65.00
Unload and Load 10.0

SET UP B&S SURFACE GRINDER

Grind Oper. 70 (4 Parts)
.040 in. @ .0015 26.7
Unload and Load 3.0

Floor-to-Floor Time for
18 Parts:

41.9+46.25+75.+4.5 (29.7) = 296.8mi
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TABLE 7--WHEELWEAR THICKNESS ; v s V PRESSURE
CONTROLLED FORCE INTERNAL GRINDING

Wheelspeed 12500 sfm

Workspeed 465 sfm

Work Diameter 3.62 inch

Wheel Diameter 3.25 inch

Coolant Florex

Work Material AISlE 52100 @ R C 60

Dress Lead 0.004 inch/rev.

Dress Ratio Wheel

0 S 0.25, 0.50 12A8OK8VFMD2

[I a 0.25, 0.50 12A8OP8VFMD2
A A 0.25, 0.50 2ABOK4VFMD2
V V 0.25, 0.50 2A8OP4VFMD2

TABLE 8--WHEELWEAR THICKNESS Zs'/V 5 vs PRESSURE
CONTROLLED FORCE ROTARY SURFACE GRINDING

Wheel speed 11500 sfm

Workspeed 465 sfm

Work Diameter 3. inch 0.0. x 2 inch 1.D.

Wheel Diameter 3.25 inch

Dress Lead 0.004 inch/rev.

Dress Ratio 0.25

Work Material AISlE 52100 @ RC60

0 0 0 Wheel 32A6OM8VBE
0 1 0 12A80P4, 2A80P4 and

12A8OK4VFMD2 respectively

For Rene 80 @ R C 30-32

A Wheel 32A6OM8VBE
I 32A7OK8VBE with:

Workspeed 500 sfm
Dress Lead 0.004 inch/rev.
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TABLE 8--continued

Dress Ratio 0.25

Wheelspeed 11500 sfm

Workspeed Various

Coolant Florex @ 200 psi

Wheel Diameter 3.25 inch

Work Diameter 3 inch 0.D. x 2 inch I.D.

Symbol Wheel Wheelspeed Lead c/i

* 32A6OM8VFM 11000 sfm 0.004 0.25

A 32A7OK8VFM 11000 sfm 0.004 0.25

1 32A60M8VFM 11000 sfm 0.001 0.50

I 32A7OK8VFM 5000 sfm 0.001 0.50

TABLE 9--WHEELWEAR THICKNESS Z;/V s vs PRESSURE

CONTROLLED-FORCE EXTERNAL GRINDING

Symbol Wheel Dress Ratio

0 12A8OK4VFMD2 0.25
* 12A8OK4VFMD2 0.5012A8O4VFMD 0.2o 12A8OP4VFMD2 0.250

A 2A8O4VFMD2 0.25

A 2A8OK4VFMD2 0.50

v 2A8P4VFM2 0.2

A 2A8OK4VFMD2 0.50

Wheel speed 12500 sfm 1
Workspeed 465 sfm

Wheel Diameter 3.25 inch

Work Diameter 5.25 inch

Dress Lead 0.004 inch/rev.

Coolant Florex @ 200 psi

Work Material AISIE 52100 @6 R c 60
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